The treatment of osteoporotic women with bisphosphonates significantly reduces the incidence of bone fractures to a degree greater than can be explained by an increase in bone mineral density. In this study, 18-month Fischer 344 rats were ovariectomized and treated with a single dose of risedronate (intravenous, iv, 500 μg), zoledronic acid (iv, 100 μg) or continuous raloxifene (2 mg/kg, po, 3×/week). High resolution microCT was used to measure lumbar vertebral bone microarchitecture, the degree of bone mineralization (DBM) and the distribution of mineral. Small angle Xray scattering was used to investigate mineral crystallinity. We found prolonged estrogen deficiency, reduced trabecular bone volume, and increased micro architecture bone compression strength lowered the degree of mineralization. Treatment with resorptive agents (bisphosphonates N raloxifene) prevented the loss of mineralization, trabecular bone volume and bone compression strength. Crystal size was not changed with OVX or with anti-resorptive treatments. In conclusion, in the aged estrogen-deficient rat model, single intravenous doses of two bisphosphonates were effective in maintaining the compressive bone strength for 180 days by reducing bone turnover, and maintaining the DBM to a greater degree than with raloxifene.
Introduction
Bisphosphonates and selective estrogen receptor modulators, such as raloxifene, improve bone strength in animals and humans in estrogen-deficient states in part by reducing bone turnover and by prolonging the secondary mineralization phase of bone remodeling which may improve the degree of bone mineralization (DBM) [1] [2] [3] [4] . A number of randomized, controlled clinical trials have compared anti-resorptive agents to placebo medications and reported small increases (3-8%) in bone mineral density (BMD) of the lumbar spine. However, the changes in BMD explain only a fraction of the observed fracture risk reduction [5] [6] [7] . These observations suggest that antiresorptive agents improve bone strength by decreasing bone turnover and by increasing intrinsic material properties of bone rather than simply affecting bone mass. Some of the intrinsic material properties of bone which relate to its fracture resistance include the degree and the homogeneity of mineral distribution, bone mineral composition and its crystallinity. The ratio of high-density bone/low-density bone had been reported to gradually increase with age [8] . In iliac crest bone biopsies from osteoporotic women, the degree of mineralization was decreased while the mineral crystal size and perfection was increased, as compared to the non-osteoporotic controls [9, 10] . Treatment of osteoporotic women with the bisphosphonate alendronate, was reported to increase the mean degree of mineralization and the homogeneity of the mineral distribution in the cancellous bone of compared to placebo treated subjects [9, 11] . Apart from affecting bone mineral distribution, bisphosphonates have non-hydrolysable P-C-P bonds with high affinities for the hydroxyapatite crystals (mineral); moreover, they have been reported to regulate crystal growth and dissolution [12] . In another study of osteoporotic women treated with either risedronate or placebo for 3 years, age-related increases in both mineral crystallinity and collagen cross-link ratios were reported, while risedronate prevented these changes [13] . Prevention of the age-related growth in crystallinity may be one of the mechanisms for bisphosphonates' anti-resorptive effects. Therefore, bisphosphonates may have specific effects on the mineral crystals that may improve bone strength. In addition, the bisphosphonates may have different effects on the intrinsic material properties of the bone depending on the administration route, the dose and the duration of therapy.
In the present study, we used high-resolution imaging techniques to investigate the composition of bone matrix, bone microarchitecture, and the degree of bone mineralization in aged OVX rats treated with three anti-resorptive agents: a single intravenous dose of risedronate or zoledronic acid, and continuous dosing of the anti-resorptive agent raloxifene. The specific aim of this study was to evaluate if the changes in degree of bone mineralization affected bone strength independent of bone mass. In addition, we performed an exploratory analysis of the heterogeneity of mineral distribution using scanning probe microscopy with estrogen deficiency and antiresorptive treatments.
Materials and methods

Animals and experimental procedures
Female Fischer 344 rats were obtained from the NIA (Bethesda, MD) and maintained on commercial rodent chow (22/5 Rodent Diet; Teklad, Madison, WI) available ad libitum with 0.95% calcium and 0.67% phosphate in a room that was maintained at 21°C with a 12-h light/dark cycle. When the rats were 18 months of age, they were randomized into 5 experimental groups. Except for the sham-operated group animals, (Sham, n = 16), all the other rats were ovariectomized and immediately treated with vehicle (normal saline 0.1 mL/kg po, 3×/week, n = 16), or a single dose of risedronate (OVX + Ris, 500 μg/kg, iv; n = 16), or a single dose of zoledronic acid (OVX + Ris, 100 μg/kg, iv; n = 16) or continuous dosing of raloxifene (OVX + Ral, 1.5 mg/kg po, 3×/week, n = 16) for 180 days. Serum and urine samples were collected every 30 days and stored at − 80°C prior to the assessment of biochemical markers of bone turnover. Groups of animals (n = 4) were sacrificed at days 30, 60, 120 and 180. Alizarin red (20 mg/kg) and calcein (10 mg/kg) were given subcutaneously at 14 and 4 days before sacrifice to assess bone formation surface. At the time of sacrifice, the right tibiae were placed in 10% phosphate-buffered formalin for 24 h and then transferred to 70% ethanol for high resolution computed tomography (micro-CT), bone histomorphometry, scanning probe microscopy (SPM) and small angle X-ray scattering (SAXS). The 5th lumbar vertebral bodies (LVB) were scanned with micro-CT and then used for biomechanical testing. All animals were treated according to the USDA animal care guidelines with the approval of the UC Davis Committee on Animal Research.
Biochemical markers of bone turnover
Urinary levels of deoxypyridinoline cross-links and creatinine (DPD/Cr, Quidel, Mountain View, CA) and serum levels of osteocalcin (Biomedical Technologies, Stoughton, MA) and TRAP5b (IDC Inc., Fountain Hills, AZ) were measured by ELISA. The manufacturer's protocols were followed and all samples were assayed in duplicate. A standard curve was generated from each kit and the absolute concentrations were extrapolated from the standard curve. The coefficients of variations (CVs) for inter-assay and intra-assay measurements were less than 10% for all assays and were similar to the manufacturer's references.
Bone histomorphometry
The right proximal tibial metaphyses (PTM) were dehydrated in ethanol, embedded un-decalcified in methylmethacrylate, and sectioned longitudinally with a Leica/Jung 2255 microtome at 4 and 8 μm thicknesses. Bone histomorphometry was performed using a semi-automatic image analysis Bioquant system (Bioquant Image Analysis Corporation, Nashville, TN) linked to a microscope equipped with transmitted and fluorescent light sources [14] [15] [16] .
Bone histomorphometric analyses were performed in the secondary spongiosa of the right proximal tibiae that included the trabecular area between 0.1 and 3 mm distal to the growth plate and within the cortex. Bone turnover measurements included single-(sL.Pm) and double-labeled perimeter (dL.Pm), interlabel width (Ir.L.Wi) and osteoclast surface. These indices were used to calculate mineralizing surface (MS/BS) and mineral apposition rate (MAR), bone formation rate (BFR/BS) and percentage of osteoclast surface (OcS/BS), according to Parfitt et al. [17, 18] . We have reported similar methodology in other experiments in our laboratory [14] [15] [16] 19] .
Micro-CT of trabecular bone microarchitecture and degree of bone mineralization
The 5th lumbar vertebral bodies (LVB) were scanned with MicroCT (VivaCT 40, Scanco Medical AG, Bassersdorf, Switzerland) at energy level of 70 keV and intensity of 85 μA with an isotropic resolution of 10.5 μm in all three spatial dimensions. Scanning for the PTM was initiated proximally at the level of growth plate and extended distally for 210 slices. Evaluations were performed on 100 slices beginning from about 0.2 mm distal to the growth plate. The entire LVB was scanned and the trabecular bone within the cranial and caudal growth plates and the cortex was evaluated. The gray-scale images were segmented using a constrained three-dimensional (3D) Gaussian filter (sigma = 0.8, support = 1.0, a fixed threshold of 240) to extract the structure of mineralized tissue. Since the scanner is self-calibrating before every scan, a fixed threshold provides the most reproducible result. Bone volume (BV) was calculated using tetrahedrons corresponding to the enclosed volume of the triangulated surface. Total volume was the volume of the sample that was examined. A normalized index, BV/TV, was utilized to compare samples of varying size. In order to minimize the partial volume effects, 2 surface voxels were discarded from every trabecula such that thick trabeculae (with 6 or more pixels) would be counted. The methods used for calculating connectivity density, trabecular number and trabecular thickness have been described previously [14, 15, 20] . In addition, the attenuation coefficient (cm − 1 ) of each pixel was calculated and the histogram of bone material concentration was derived for each animal to calculate the mean degree of bone mineralization (DBM) and mineralization distribution curve. The g HA/cm 3 values were standardized with a manufacturer supplied phantom of 5 different HA densities embedded in soft-tissue equivalent resin. Beam hardening effects were corrected in the reconstruction process with a correction curve adapted to individual bone scans, as supplied by the manufacturer. The degree of mineralization was calculated to represent average mineralization (g/cm 3 ) of the whole bone sample region used for architectural analyses [2, 3] .
Small angle X-ray scattering of the mean crystal thickness
Small angle X-ray scattering (SAXS) data were collected with a Bruker Nanostar spectrometer using CuKa radiation (λ = 1.54Å). Trabecular bone samples from the distal femur were embedded in methylmethacrylate and sectioned to 100 μm. The samples were then oriented with the long axis of the bone (q x direction). The sample to camera distance was 104.65 mm and 2-D data were collected with a pressurized xenon gas detector (Bruker HiStar). The instrument was calibrated using a silver behenate standard. The sampled q range was 0.1 nm
2-D images were converted from the Bruker file format to 16-bit TIFF for subsequent analysis using the ImageJ software [21] . Analyses developed by Fratzl and co-workers [22] were used to calculate the average thickness and the average orientation of the crystallite along the long axis of the bone (0-100% where random orientation is 0%).
Biomechanical testing
Biomechanical testing of the 5th lumbar vertebrae (LVB) was performed using a uniaxial compression test. The relevant cross-sectional dimensions were measured using a digital caliper, after which they were subjected to unconfined compression tests along the long axis of the lumbar vertebra with a cross-head displacement rate of 0.01 mm/s. Specifically, the tests involved compression loading the samples to failure, while continuously recording the corresponding loads and displacements. Typically the lengths of the samples were twice as large as the diameters; consequently, buckling during the test was not a problem. Maximum load and cross-sectional dimensions were used to calculate the compressive strength [15, 16] .
Exploratory measurement of elastic modulus by scanning probe microscopy
After taking three 4 μm and one 8 μm sections for bone histomorphometry, the remaining methylmetacrylate embedded proximal tibia blocks were further polished with different diamond pastes starting from 10 μm down to 0.1 μm diameter to obtain smooth surfaces. We used a force modulation technique called dynamic stiffness mapping (DSM) to quantitatively map dynamic nanomechanical properties with nanometer scale resolution. The DSM is essentially the AFM which the optical head is replaced by a small transducer for force and displacement measurements [23] . Modulus maps in the form of Scanning Probe Microscopy (SPM) images were acquired using the direct force modulation operating mode of a TriboScope nanoindenter (Hysitron, Minneapolis, MN) mounted on a Multimode atomic force microscope (AFM) controlled by NanoScope IIIa electronics (Veeco, Santa Barbara, CA). In this experiment, an electrostatic operated transducer for simultaneous topographic and elastic modulus imaging replaced the conventional AFM head. The topographic contact mode was used first to locate the area of interest, usually 50 × 50 μm 2 . Subsequently the same area was scanned in force modulation mode to record the elastic modulus map. The amplitude of the modulated electrostatic force was set to 0.5 to 1.0 μN to maintain good signal-to-noise ratio, but was maintained sufficiently small to prevent plastic deformation of the sample. Voigt and Hertzian models were used to extract the elastic modulus map of 256 × 256 pixels from the amplitude and phase of displacements at each pixel [24] . One representative PTM was studied per group, 6 different areas (images) on each sample and each area (or image) has 65,536 Pixels. We obtained statistics on 393,216 points on each sample.
Statistical analysis
The group means and standard deviations (S.D.s) were calculated for all outcome variables. Repeated measure analysis of variance was performed to analyze the changes in biochemical markers of bone turnover. The nonparametric outcome variables were tested with Kruskal-Wallis. The Wilcoxon rank sum test was then used for comparisons between groups (SPSS Version 12, SPSS Inc., Chicago, IL). Multivariate regression analyses were performed to determine the association of DBM and bone strength adjusting for BV/TV and Tb.Th covariates. Differences were considered significant at p b 0.05.
Results
A single intravenous dose of two amino bisphosphonates prevented trabecular bone loss for up to 180 days in aged estrogen-deficient rats
We used micro-CT to define the effects of a single intravenous dose of risedronate and zoledronic acid, as compared to long-term raloxifene treatment on bone microarchitecture. MicroCT analysis 180 days after ovariectomy (OVX) revealed a significant decrease in the lumbar vertebral trabecular bone volume of vehicle-treated OVX rats compared with sham-operated animals starting at day 30 (− 18%) and was maximal at day 120 (− 31%) (p b 0.05; Fig. 1 ). OVX + Ris and OVX + Zol treatments prevented trabecular bone loss associated with OVX. At day 180, the bone volumes of the OVX + Ris and OVX + Zol groups were about 20% higher than sham-operated controls, with 70% more trabeculae than the OVX controls. In addition, trabeculae thickened by about 34% and connectivity density decreased by about 55% (all p b 0.05) in both bisphosphonate groups compared to the vehicle-treated OVX group. The OVX + Ral group trabecular bone volume was similar to the sham-operated animals from day 30 to day 180. Trabecular number, thickness and connectivity density were significantly greater than OVX at day 180 and similar to those of the sham animals.
A single intravenous dose of risedronate and zoledronic acid inhibited bone turnover After a single intravenous dose of risedronate or zoledronic acid, elevations of urine DPD/Cr, serum TRAP5b, and serum osteocalcin ( Fig. 2A) at days 30-120 were completely prevented. Raloxifene partially prevented the elevations of these bone turnover markers following OVX. DPD/Cr remained suppressed by risedronate and zoledronic acid at day 180, while TRAP5b and osteocalcin returned to the sham-operated levels at day 180 ( Fig. 2A) .
Bone turnover measured by bone histomorphometric analysis of trabecular bone in the PTM confirmed the findings obtained with the bone markers. OVX caused a 110% increase in mineralized surface, a 24% increase in mineral apposition rate and a six fold increase in osteoclast surface (Figs. 2B, C) , as compared with the d30-sham group (p b 0.05). Raloxifene treatment of OVX rats had similar mineralized surface and mineral apposition rate at days 30-60 as the OVX rats; whereas OVX + Ris and OVX + Zol significantly lower bone formation parameters (p b 0.05) and suppressed osteoclast surface, as compared to OVX alone at days 30-180 (p b 0.05; Fig. 2B ).
A single intravenous dose of risedronate and zoledronic acid improved trabecular bone material and mechanical properties
We next ascertained if a single intravenous dose of either risedronate or zoledronic acid affected bone material properties during estrogen deficiency in comparison to long-term raloxifene treatment. High-resolution micro-CTs of the lumbar vertebral bodies were used to determine the degree and distribution of bone mineralization (Fig. 3) . The overall mineral after 180 days of estrogen deficiency was significantly reduced, as compared to the sham-operated group. After 180 days of treatment, risedronate and zoledronic acid increased the overall mineralization (Fig. 3A) . The mean mineral density for OVX was about 0.8 g HA/cm 3 . The mineralization distribution curves were shifted to the left with OVX at days 60 (Fig. 3B) and 180 (Fig. 3C) , indicating that the OVX group had a higher percentage of bone with low mineral concentration. The OVX + Ris and OVX + Zol had similar distributions of mineralization, with mean mineral density values of 1-1.1 g HA/cm 3 . Raloxifene treated rats have intermediate values between bisphosphonate treated and OVX from day 60 onward. We utilized scanning probe microscopy mapping to generate an elastic modulus map of the trabecular surface from one PTM specimen in each d180 treatment group. We observed a broad distribution in trabecular surface elastic modulus in the OVX alone and OVX + Ral groups compared to the OVX + Ris and OVX + Zol and sham groups (data not shown).
We also evaluated the SAXS patterns of the crystals within the bone matrix to characterize the size and arrangement of the mineral particles (crystal) in the trabecular bone. We found the size of the mineral particles was not different between sham-operated, OVX and antiresorptive-treated groups at day 180 (Table 1) . It appeared that single intravenous doses of bisphosphonates did not affect the size of the mineral crystals.
Mechanical compression testing of the 5th lumbar vertebrae indicated that OVX caused significant reductions in compression strength (Fig. 4 , days 60 and 180) and stiffness (data not shown), as compared with those in sham-operated groups from days 30 to 180 (p b 0.05). The compression strength was about 20-25% higher in OVX + Ris and OVX + Zol treatment groups, as compared to the OVX controls at days 30-180 (p b 0.05). OVX + Ral had similar compression strength compared to the OVX group at all time points. The compression strength and the DBM were negatively correlated with bone turnover variables including osteoclast surface, mineralized surface, and bone formation rate (Table 2 ). Lumbar compression strength was significantly correlated with BV/TV and Tb.Th. However, the Tb.N was not significantly correlated with compression strength (Table 3) . BV/TV was not related to DBM (R = 0.306, p = 0.1). Since BV/TV and Tb.Th are confounding variables for our independent and dependent variables, DBM and bone strength, we performed a multiple regression to determine the association of DBM and bone strength that was adjusted for BV/TV and Tb. Th. We found that 39% of the variation in bone compression strength could be explained by DBM alone (p = 0.001) and 60% of the variation in bone compression strength could be explained by DBM, BVTV and Tb.Th together (p = 0.004) ( Table 3) . Based on a multiple regression analysis, for each unit increase in the DBM controlling for BV/TV and Tb.Th, we would expect a 25 MPa increase in lumbar vertebral compression strength. When the analysis was performed for individual treatment groups, bone volume was the strongest predictor for compressive bone strength in OVX group while DBM was the strongest predictor for compressive bone strength in OVX + Zol group (Table 4) .
Discussion
The present study demonstrated that a single intravenous dose of risedronate and zoledronic acid in aged estrogendeficient rats maintained bone compression strength by reducing bone turnover, improving the degree of bone mineralization and maintaining bone microarchitecture. Our results suggest that the degree of bone mineralization appears to be an independent predictor for bone compression strength.
Estrogen deficiency elevated bone turnover with resorption markers increasing until 60 days post-OVX, and over the next 120 days, returned to the level of aged estrogen-competent animals. In accordance with previous findings [25] , substantial trabecular bone loss occurred predominantly by a reduction of the number of trabeculae, and loss of trabecular connectivity density. Estrogen-deficient animals treated for 180 days with either an intravenous dose of risedronate or zoledronic acid had significantly higher trabecular bone volumes as compared with agematched controls. Treatment with raloxifene maintained bone microarchitecture as compared to the sham-control level. Mineral apposition rate, an index for the amount of new matrix that was added during the treatment period, was suppressed with bisphosphate treatment to levels that were similar to the sham-operated group and crystal thickness was not different between the groups. However, the degree and distribution of bone mineralization, measured by high resolution micro-CT, were maintained with a single intravenous dose of either bisphosphonate. Consequently, our findings suggest that a single dose of an iv. bisphosphonate, either zoledronic acid or risedronate maintained the degree of mineralization with long-term estrogen deficiency.
In normal aging population, the variation in bone mineralization is small and this variable is probably not a significant predictor of either localized or whole bone strength [26] . However, prevention of OVX induced bone loss with prolonged bisphosphonates treatment, appeared to increase the DBM, and was associated with improved bone strength [1, 3, 19] . Postmenopausal women were treated with oral risedronate or placebo for 5 years, and the average degree of bone mineralization, estimated from iliac crest biopsies, increased by 4.2% after 3 years of treatment, which was sustained for another 2 years [27] . Risedronate also prevented the age-associated and estrogen deficiency-related elevation in mineral maturity/crystallinity and collagen cross-link ratios [13] . In a study on human calcanei, Follet et al. [4] found that the degree of bone mineralization is a determinant of bone strength after adjustment for bone volume and other bone microarchitecture parameters. We also found that in OVX rats treated with all three anti-resorptive agents (risedronate, zoledronic acid and raloxifene), the degree of mineralization was a strong predictor of compression bone strength in the lumbar vertebral body, independent of bone volume or trabecular thickness. To further determine if the strength-degree of mineralization or strength-bone volume fraction relations are altered by a specific treatment [28] , we performed additional regression tests for individual treatment groups. We found that trabecular bone volume fraction was the most significant predictor for compressive bone strength following estrogen deficiency, while DBM was the most important factor in increasing bone strength after zoledronic acid treatment. Our analyses suggested that with estrogen deficiency, the large reduction in bone volume (− 54%) accounted for the decrease in bone compression strength. On the other hand, with zoledronic acid treatment, the bone mineral density was greater so that the degree of mineralization became the most important factor to maintain bone strength.
The uniformity of the localized mineral distribution may affect the localized material properties of bone. At least two other studies have evaluated bone mineral heterogeneity. Goldman et al. reported there was a significant increase in mineral heterogeneity in the mid-femoral cortex among 45-64-year-old Numbers represent R value. *Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).
females and males [29] . Other investigators reported an overall reduction in the mineralization, crystallinity and type-B carbonation in males aged 60 years or older, indicating a reduction in heterogeneity with aging [30] . In chronically estrogen-deficient old female rats we observed an overall reduction in the degree of bone mineralization, with a higher percentage of bone with lower mineralization in our estrogen-deficient rats than age similar control animals. In addition, these estrogen-deficient rats had a very broad distribution of elastic modulus on the trabecular surface with a higher percentage of trabecular surfaces with low elastic modulus and high elastic modulus. On the other hand, treatments with both risedronate and zoledronic acid maintained the degree of bone mineralization. In addition, OVX + bisphosphonates treated animals appeared to have more uniform elastic modulus across the trabecular bone surface. Although the mechanism that underlies these observations is unclear, the bisphosphonates' ability to slow bone turnover may allow the concentric lamellae of mineralized collagen fibers to be more densely packed compared to the alternating loose and dense pattern that occurs in the estrogen-deficient animals. In addition to the overall improvements in the degree of mineralization, the improvements in the localized mineral distribution may be responsible for the improvements in whole bone strength. Additional studies are needed to assess if the mineral distribution within bone matrix is associated with crack propagation. One might hypothesize that a bone matrix with adjacent regions of high and low mineralization may allow for a crack to propagate. Additional studies are now underway to test these hypotheses.
Although it was reported that there was an age-related increases in mineral crystallinity and that risedronate prevented this change in post-menopausal women [13] , we did not detect difference in the crystal size between the aged OVX animals and those of age-match sham animals. Bisphosphonate treatments also did not seem to alter the crystal size. However, our observation on crystal size was attained at one time point (180 days of treatment), we were not able to detect age-related changes or time-dependent changes with any of the three antiresorptive agents in the one dose studied.
While our study has a number of strengths including the measurement of the crystal size at nanoscale levels and precise estimates of the degree of trabecular bone mineralization, it also has some weaknesses. First, we obtained most of our study endpoints only at day 180 (SPM, crystal size), which made it difficult for us to differentiate between primary and secondary effects of the anti-resorptive treatments and the time course of the changes. Second, the animal numbers in each treatment group might not be large enough to truly determine the associations with bone strength in individual treatment groups. Finally, trabecular bone volume fracture is 40-50% in the Fischer 344 rats which is significantly higher than in postmenopausal women, therefore these results may not be generalizable to clinical populations.
In conclusion, we found that a single intravenous dose of two bisphosphonates in aged, estrogen-deficient rats was more effective than raloxifene in their ability to prevent loss of bone mineralization and compressive bone strength. The reduction in bone turnover, coupled with a prolonged phase of mineralization may explain part of this effect. The increased degree of bone mineralization was associated with increased bone compression strength, especially with zoledronic treatment. 
